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Introduction
TWIP steels are austenitic steels in which deformation twins are created during straining. Even though twinning is a deformation mechanism, the major deformation mechanism in TWIP steels remains dislocation glide. As grain boundaries do, twin boundaries act as strong obstacles to dislocation motion, so twinning leads to a sort of dynamical Hall-Petch mechanism, which brings about ultra-high strain-hardening [1] . This strain-hardening is responsible for the remarkable combination of ductility and strength observed in TWIP steels.
For twinning to occur, it is generally admitted that the stacking fault energy (SFE) of the steel must be in the range 18mJ/m 2 < SFE < 50-80mJ/m 2 [2, 3, 4] . If the SFE is lower, twinning is replaced by martensitic transformation. If the SFE is higher, dislocation glide is the only mechanism contributing to deformation. The conditions required for twinning to occur can be obtained in high-manganese and carbon steels.
The purpose of this work is thus to combine twinning with carbide precipitation hardening to get ultra-high strength and ductility. Carbide precipitation is studied in two different austenitic steels with high manganese and carbon contents and its influence on the mechanical properties is assessed. Based on the results, the conditions for twinning are critically discussed.
Experiments
Materials. We studied two different austenitic TWIP steels with high manganese and carbon contents differing mainly by their aluminum content: steel A does not contain aluminum while steel B contains 6 wt% Al. The composition of the steels is presented in Table 1 .
Samples preparation. The steels were cast in laboratory conditions and hot rolled. After a first cold rolling stage, the samples were annealed for 20 minutes at 1000°C and cold rolled again to a deformation = 0.65. A final annealing was then applied, the conditions of which depended on the targeted microstructure, and followed by water quenching. The tensile test specimens were 6mm broad flat samples with a 40mm long reduced area. SEM imaging samples were obtained by mechanical polishing and chemical etching with 2% nital or glyceregia (solution of glycerol, HCl and HNO 3 ). The samples for TEM observations were first chemically thinned at about 40°C in a solution containing HF, H 2 O 2 and water. Final thinning was done electrochemically at room temperature in a jet polisher using a solution of acetic and perchloric acids. Techniques. Mechanical properties were studied using a tensile testing machine at a crosshead speed of 1mm/min. SEM imaging was performed at an operating voltage of 20 kV. All images were taken in the middle of the thickness, either in the rolling or in the tensile direction. TEM images and electron diffraction patterns were obtained at 200 kV.
Results
Homogenized materials. The tensile properties of the homogenized materials (annealed 20 minutes at 1000°C and water quenched) are shown on Fig. 1 . The ultimate strength and uniform elongation of steel A are much higher than those of steel B. This is due to the intense twinning occurring in steel A during straining ( Fig. 2 (a) ). This twinning is also probably responsible for the serration appearing on the curve.
The stacking fault energy of steel A has been evaluated using the thermodynamic model proposed by Olson and Cohen [6] and completed by Allain et al. [2] . This model considers that the SFE is the energy needed to create two HCP layers in the FCC lattice. The SFE is assumed to result from the Gibbs free energy difference between the HCP and FCC structures and from the surface energy arising from the imperfection of the FCC/HCP interfaces. The thermodynamic software MTData was used for the calculation of the Gibbs free energies of the FCC and HCP structures. The value of the surface energy was set at 8mJ/m 2 [2] . We found a value of 45mJ/m 2 for steel A, which lies in the right interval for twinning, although near to the upper bound. A comparison of the microstructures of the steels after straining can be seen on Fig. 2 . We see that twinning is much less important in steel B than in steel A. Most of the grains in steel B are free of twins and only a few exhibit two systems of twinning in small areas. This is a consequence of the higher SFE of steel B. Indeed, it is well known that aluminum steeply increases the SFE [4, 5] . Oh et al. [5] mention an increase by 10mJ/m 2 per wt% of Al. The stacking fault energy of steel B should thus be about 100mJ/m 2 , which, according to the literature, is far above the acceptable limits for the onset of twinning. However, even in steel B, intensive twinning is observed in the necking zone. Carbide precipitation. Carbide precipitation could improve the mechanical properties of both steels by two concomitant ways: precipitation hardening and the early activation of twinning because of the lower SFE of austenite. Indeed, calculation of the stacking fault energy of a 22wt%Mn steel with different contents of interstitial carbon shows that the increase of stacking fault energy is about 40mJ/m 2 per wt% of C. As a consequence, reduction of the amount of carbon in austenite by carbides precipitation decreases the SFE.
According to thermodynamic simulations, the amount of carbon that can be retained at equilibrium in the austenite of steel A at 800°C is about 0.9wt%. We thus expect quite a large amount of carbides after annealing at this temperature and a decrease in SFE by about 10-15 mJ/m 2 .
Steels A and B were cold rolled ( = 0.65) and annealed at 800°C for different times. Fig. 3 and Fig.  4 show the microstructural evolution of steels A and B, respectively, for annealing times of 2 and 20 minutes. In steel A, precipitation occurs very rapidly on the grain boundaries and on the deformation structure of non-recrystallized grains, forming a continuous network of carbides. With increasing annealing times, the carbides spheroïdize progressively and the network becomes disconnected. In steel B, the amount of precipitated carbides seems much lower, although not negligible, and the TEM observations of samples annealed for 20 min. confirm that the amount of carbides is much larger in steel A. It thus seems that aluminum hinders carbide precipitation. From these pictures, we can also estimate the carbides size (for this annealing time), which is in the range 100-600nm in both steels (Fig.5 ). Electron diffraction suggests that the carbides have the structure of cementite. The influence of the precipitates on the mechanical properties can be seen on Fig. 6 . After 2 min. of annealing, both steels present a strong but brittle behaviour. This results from the absence of recrystallisation for such a short time. For longer annealing times, steel A shows a huge strain hardening at the beginning of straining, accompanied by serration in the tensile curve. This serration is the signature of the very intensive twinning occurring while straining, which is consistent with the expected value of the SFE. However, despite the TWIP effect, a large loss of ductility was observed compared to the homogenized material. Fig. 7 (a) shows the microstructure after tensile test of steel A annealed for 20min. at 800°C (steel A20). The reason for the ductility loss is clearly the coalescence of cavities created at the carbide/matrix interfaces. From the analysis of the evolution of the Young's modulus of steel A20 as a function of straining we can conclude that damage appears for a strain level in the range 12 . 0 10 . 0 < < ε (decrease of Young's modulus starting to be observed in this range). This early damaging is first compensated by intensive twinning. However, such a density of cavities causes fracture at strains of about 0.25. Increasing the amount of carbides by further annealing at lower temperatures (500-600°C) increases the embrittlement. In steel B, precipitation annealing in the range 10-40min. leads to higher strengths with only a slight loss of ductility. The gain of strength is however quite small (100-150 MPa). It can be attributed to precipitation hardening since no significant enhancement of the twinning is observed ( Fig. 7 (b) ), which means that the SFE decrease is not large enough to induce higher activation of the TWIP effect. As in the homogenized material, only a few twins are observable in the homogeneously deformed zone and intensive twinning occurs in the necking zone. 
Discussion
The experimental results show that ultra high strain-hardening rates can be obtained by combining twinning and precipitation hardening. This combination occurs in the early deformation stages of steels A5 and A20. Twins seem to grow across the very small carbides found inside the grains but are blocked by the larger ones. However, the insufficient cohesion between the carbides and the austenitic matrix leads to cavitation and relative brittleness. This brittleness is not observed
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in steel B. This may result form the lower density of carbides, reducing the possibility of coalescence of the cavities formed at the carbide-matrix interfaces. Another reason could be the lower stresses attained in steel B for the same deformation level, as compared to steel A. This work also gives insight into the relationship between SFE and twinning. It is well known that low SFE favors twinning (unless the SFE is too low, see above) [1, 7] . Indeed, twinning is hardly activated in steel B, in which the SFE is high, and is very intense in steel A, in which the SFE is lower. Furthermore, lowering the SFE by carbide precipitation makes twinning start earlier.
In steels A5 and A20, a large serration is observed on the tensile curve for low deformation levels. In the homogenized steel, serration appears at higher deformation. We believe that serration is the sign of intensive twinning. However, it should be pointed out that the occurrence of twinning cannot be predicted only by using a simple criterion based on the SFE, as it is sometimes proposed [2, 3] . Based on the criterion of Allain et al. [2] , steel A should hardly twin, since its SFE is close to the upper limit for twinning steels (50mJ/m 2 ). This is obviously not the case. Twinning is even observed in the necking zone of steel B (SFE100mJ/m 2 ), in which very high stresses are attained. The activation of twinning at this stage leads to better strength after necking. This is why we think that criteria for twinning should always be based on a critical resolved shear stress linked to the value of the SFE, as already suggested by some authors [7, 8] , and not directly on the SFE.
Conclusion
Carbide precipitation and its effect on the mechanical properties has been studied in two different austenitic steels with high manganese and carbon contents. Extremely high strainhardening rates can be obtained by the combination of twinning and precipitation hardening. Brittleness may result from the insufficient cohesion between the carbides and the matrix in steel A, but not in steel B. Twinning can be observed in high SFE austenitic steels when very high stresses are attained.
